Abstract-This paper presents how to operate a double fed induction generator (DFIG) with a rated power of approximately 30kW with unmodified low cost standard converters. The stator of the machine is directly connected to the grid and the rotor is fed with variable voltage and frequency from two standard low cost voltage source converters. Actually such machines are used in wind generators with a rated power of more than 500 kW with special build converters. In the presented solution the rotor of the DFIG is fed with two DC-Link connected standard voltage source converters. The original software is designed to calculate speed and phase of the rotor by receiving a speed signal from the rotor shaft. Therefore it is necessary to add two small application modules to modify the firmware externally to realize the calculation of slip frequency and phase in real time. The equivalent network parameters of the DFIG are determined by the converter itself by using an autotune function. With this parameters it is possible to develop an analytical model of the system to set up a closed loop active and reactive power control. The test system provides the ability to control both power types decoupled and with an approximately linear characteristic. Keywords-DFIG, operation, standard converter, autotune I. MOTIVATION Double fed induction generators (DFIG) are often used in the application field of wind power generation. The stator of this DFIG is connected directly with the grid and the rotor is fed by a voltage or current source inverter to achieve variable speed operation. The required power of the converter is usually 20 to 30 percent of the total power of the generator. The rated power of modern turbines powered with DFIG is more then 500kW and usual converters are not build to fed the rotor of the DFIG because the firmware is not able to handle this type of application. Because of this it is very difficult to test the behavior of this type of machine in laboratory with standard converters. 
I. MOTIVATION
Double fed induction generators (DFIG) are often used in the application field of wind power generation. The stator of this DFIG is connected directly with the grid and the rotor is fed by a voltage or current source inverter to achieve variable speed operation. The required power of the converter is usually 20 to 30 percent of the total power of the generator. The rated power of modern turbines powered with DFIG is more then 500kW and usual converters are not build to fed the rotor of the DFIG because the firmware is not able to handle this type of application. Because of this it is very difficult to test the behavior of this type of machine in laboratory with standard converters. In this paper the operation of a small double fed induction generators with approximately 30kW is introduced. The converter of the generator is build of two connected standard voltage source converters with special function modules to control the DFIG.
II. HISTORY AND STATE OF THE ART
The pioneers in building wind power mills are the danish people. The used wind generators are induction machines with cage rotor, a very simple but also very rugged machine. Because of the direct coupling -generator -gear box -mains -this generator has to operate at a fixed speed. This way to build wind power mills is called "The Danish Principle". To increase the efficiency it is necessary to adjust the wind rotor speed depending on the wind speed. This task is solved by using power electronics and two other kinds of machines. The first used possibility is to implement a synchronous machine with a high number of poles. In this case the frequency of the generated electrical power is high enough, a gear box is not needed. The converter has the same rated power as the synchronous machine itself. With this system the speed of the wind rotor is adjustable in a wide range and the power factor to the mains is also tunable. In the European area wind power generators with this principle are only build by one manufacturer, because it is patented in many ways. The converter is build by themselves. The second used possibility is to implement a Double Fed Induction Generator (DFIG) with six ore eight poles. A gear box increases the very low speed of the wind rotor to the nominal speed of the generator. If the adjustable speed range is e.g. ±20%, the needed rated power of the converter is only 20% of the rated power of the generator. The costs for the power electronics decrease but the gear box is needed. The rotor speed and the power factor are adjustable in a limited range. Most of the manufacturers in the European area use the DFIG principle. These special converters are build by one ore two key player and the wind power manufacturer have to buy this special parts to the conditions of this producers. If it is possible to implement standard converter only by changing ore adding small parts this would be very interesting for most of the wind power factories and for testing DFIG in laboratory.
III. USED DFIG
In case of a slip frequent current injection into the rotor windings the used doubly fed induction machine can be modelled as an ordinary synchronous machine. The electrical torque built by the stator and rotor flux is depending on the cross product between these fluxes. The torque is in its maximum at an angle of 90 • . The rotor voltage and the apparent power in the rotor circuit depends on the slip of the machine. The rotor voltage is minimum near synchronous speed and increases in under-and oversynchronous operation. The rotor voltage related to the grid voltage (shown in figure 3 ) depends additionally to the reactive power of the machine. In case of reactive power consumption (Q > 0) the voltage is much lower than in the opposite case. 
IV. SETUP OF TEST CONFIGURATION
The test configuration for the double fed induction generators consists of several parts. The most characteristic detail is the stator, connected statically to the grid by a contactor. Shunts are embedded in this connection to measure the current. The rotor of the DFIG is connected with the machine converter with a contactor too. This machine converter is fed by a DC-Link from the grid converter which needs an inductor in the AC connection. This inductor is necessary to give the grid converter the possibility to act as a step up converter. The rotor angle and frequency is measured by an incremental encoder to provide the signal for the rotor converter.
Fig. 4. schematic of the build test configuration
The shaft of the DFIG is connected with a torque shaft to a normal induction machine which is connected to a common converter with feedback unit. Every part of the test configuration is monitored and controlled by a central data acquisition unit. The power flow in the rotor circuit is fitted with several additional devices. The first part after the grid connection point is a fuse. After this basic protection a standard EMC filter is used to comply with the regulations. For this compliance a second pulse filter consisting of an inductor and a capacitor is added. For the inertial switch on of the converter a charge circuit for the DCLink capacitors is necessary. This consists of a resistor which is bridged by a contactor after the DC-Link is fully charged. The last element in front of the converter is a commutation inductor which is necessary to provide the feature to act as step up converter. Figure 5 shows the complete power flow from the grid to the rotor of the DFIG.
V. DETERMINATION OF THE EQUIVALENT NETWORK

PARAMETERS
For the mathematical description of the machine the parameters of the system has to be known. The important values of a DFIG are:
• power factor-cos ϕ 
VI. STRUCTURE OF THE SOFTWARE
To guarantee the feeding of a slip frequent current into the rotor the output frequency of the rotor converter must be fully controllable by the implemented software. Because of this, the rotor converter operates in open-loop mode. In modes like closedloop, vector, respectively servo-mode the fully control of frequency is not given, because of fixed implemented current control loops. The grid converter operates in regenerative-mode, and imple- Fig. 7 . Realised software structure ments a feed of power from the link into the grid, respectively a consume form the grid, with a powerfactor near one. The software to control the rotor converter is placed in two so called application modules plugged in the converter. The segmentation is shown in figure 7 .
A. Detection of grid angle
The knowledge of the grid angle is essential for the calculation of the slip angle. For this measurement a simple pcb is added to the converter. The grid voltage is transformed with a comparator to a rectangular voltage. This signal has to be optical decoupled and connected to a digital input of the application module. This signal is used as input capture command for a 16 bit timer to measure the exact time of the zero crossing. The angle is a saw function triggered by this zero crossing signal. Fig. 9 . Detection of the rotor current angle and frequency
B. Detection of rotor angle
The mechanical angle of the rotor is easily detected by the encoder. The electrical angle of the rotor is determined in a very similar way like the grid angle. The rotor current is measured by a current probe and transformed to a rectangular signal by the comparator. The rotor frequency is also calculated by this device.
C. Phase control
The phase control is implemented with the PID-controller shown in figure 10 . The output frequency of the converter is 
VII. GRID SYNCHRONIZATION
The used DFIG is a special machine with a high voltage rotor in order to operate at a mechanical speed near synchronous frequency. The maximum voltage of 560 Volts in case of a close stator conductor and a still standing machine is too high for the converter. Because of this the start of the DFIG is not possible from its own. In order to startup the test configuration the machines are accelerated from the load machine to approximately 80 percent of synchronous speed. After that the rotor conductor is closed and the converter starts to feed the rotor with the slip frequency. The induced voltage in the stator is at the same frequency and amplitude than the grid but the phase of the two voltages are different. This difference is measured by a differential probe between the two contacts of the conductor (see figure 11 ). The phase control After the successful match the stator conductor is closed by the converter control and the test configuration is ready for operation.
VIII. MEASUREMENTS
All measurements starts with the synchrony state described above. In this state, the magnetic field induced by the stator rotates in phase with the magnetic field induced by the rotor.
In case of an induced stator voltage equal to the grid voltage, there is ideally no power flow in the machine. This state is very similar to the phase shifter mode of a synchronous generator.
In this mode the torque of the machine is nearby zero, and the power flow in the machine consists only of reactive power.
As noted above, the rotor converter is driven in open-loop mode. The used standard-converter of type Unidrive SP also provides a torque reference in this mode. During operation, the amplitude of rotor current is set by the internal current controller. This means the amplitude of current into the rotor can be referenced by an parameter. The phase of the current, respectively the phase of the induced magnetic rotor field, is controlled by the developed phase control shown in figure 10 . Figure 12 and figure 13 are showing the results of this emulated phase shifter mode. The amplitude of the injected rotor current is successively decremented from the maximum value to the maximum negative value.
As shown in figure 12 , there exists an approximately linear interrelationship between the injected current and the amplitude of power consumed/delivered from/to the grid. During the hole procedure, the consumed/delivered active power is nearly constant ( figure 13 ). This test is made by holding the phase difference between rotor and stator field constant, and controlling the injected current only by setting the reference current in form of a parameter. It shows the possibility of a decoupled interaction of reactive and active power.
Changing the phase difference between rotor and stator field generates a mechanical torque: The mechanical torque takes a maximum when the angle between rotor and stator flux is 90 • . By controlling this phase difference, the level of active power (figure 13) can be set.
IX. CONCLUSION
The development of this test configuration has proven, that the operation of a double fed induction machine with a standard regenerative converter system is possible. Only small additions in hardware and software are necessary to run such a system with standard converters without direct intervention into the converter system. So test laboratories are able to measure DFIG with standard low cost voltage source converters in a very easy way to get neutral results which depends only on the tested DFIG itself. Furthermore is is possible to assemble DFIG in smaller wind generator systems by using standard low cost converters.
